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.1 Summary of Work

This is the final report for AFOSR-89-0549. It summarizes work extending over the
entire contract period which began 30 September 1989. The work is not reported in
chronological order. Rather, it is organized according to subject, and it is intended to be
somewhat tutorial, although only work at UCSB is included.

The report begins by reviewing what aspects of transverse modulators are important for
various applications. Certain ‘figures-of-merit’ are proposed. Electro-refractive and
electro-absorptive modulators are then introduced. The electro-refractive type, which we
first explored in a previous AFOSR program, has the desirable attribute of switching light
between reflection and transmission, rather than absorbing it. Thus, these modulators
tend to not saturate at high optical powers or have thermal dissipation problems.
However, for reasonable modulation depth, a relatively high-finesse Fabry-Perot cavity is
required. This can be a problem if a bandwidth of a nanometer (i.e., ~0.1% of the
wavelength) or more is desired to accomodate some temperature range or nonuniformities
in arrays. The electro-absorptive design uses an unbalanced, asymmetric Fabry-Perot
cavity. By adding relatively low-loss leveis with relatively low voltages across the
cavity, the asymmetric cavity can be balanced, pulling the reflecdon down to zero. The
reflection change as well as the contrast can be high for a given applied voltage. In this
case the cavity finesse also tends to be lower than for the symmetric, refractive modulator
case.

Most of the balance of the report focusses on the asymmetric Fabry-Perot design. An
important consideration for these devices is the feasibility of reproducibly manufacturing
them, and this is compounded by a desire to use them at reasonable powers in large
arrays. Thus, we consider their sensitivity to various fabrication as well as environmental
variations. Next, we explore the high-frequency modulation capabilities of these
modulators. It is shown that very high bandwidth is possible. More than 20GHz has
been demonstrated, and greater than 40GHz is predicted. Finally, some of the devices are
evaluated in self-electrooptic effect circuit geometries. Excellent contrast and hysteresis
is demonstrated.




L2.  Goals and Figures of Merit for Transverse Electro-Optic Modulators

Highly efficient electro-absorption and eiectro-refraction effects in semiconductor
multiple quantum wells and superlattices, along with increased system demands have
advanced high-performance optical modulators which can be used in various
applications: as an intra-laser-cavity controlling device, transmitter of
telecommunications including interconnections for integrated circuits, and optical
information processing.

Among various design issues for practical applications, one of the important
considerations is low drive power, e.g. low operating voltage swing in electro-optic
modulators. This is important for compatability with digital electronics. Waveguide (in-
plane) devices tend to provide low drive voltages (=1 volt) because the field is applied
perpendicular to the light propagation direction [1]; however, the coupling of the light
into the waveguide adds complexity to practical implementations. On the other hand,
although coupling is relatively easy, surface-normal (transverse) devices have tended to
require high drive voltages (>10 volts) due to short interaction lengths [1]. The use of a
Fabry-Perot cavity to provide optical feedback has recently reduced required drive
voltages to as low as 2V, however.

A related device parameter to drive voltage is the normalized electro-optic transfer
function (My) [2], defined as the percentage modulation of the input optical power per

unit drive voltage. Early transverse modulators had Mys of < 8%/V, and efficient

waveguide modulators have a representative value of < 15%/V [1]. Current figures for
surface normal modulators are as high as 20%/V.

The contrast ratio, or the ratio of the power reflectivity in the on state to the power
reflectivity in the off state is another important figure of merit for modulators. Ideally, a
device has a power relfectivity in the on state of Ron=1, and in the off state of Roff=0. In
other words, a contrast ratio which is infinite. Achieving such a contrast ratio is possible
with surface normal modulators. However, since an infinite contrast ratio can be
achieved for any value of Rgp, provided that Roff=0, it is important to consider the
inseriion loss in conjunction with the contrast ratio. Low insertion loss is important
because there will be svsrem constraints on the signal power which must be aansmitied



by the modulator for low BER., Devices with a nearly infinite contrast ratio and an
insertion loss of only 1.65db have been produced.

It should be noted that we focus here on “single ended™ operation. It has been suggested
that differential operatdon mey be appropriate, in which case AR = Rg,, - Roff is the

important parameter.

Drive voltage, contrast ratio, and insertion loss are the three fundamental device
parameters which characterize modulators. However, when one considers use in a
practical system, a number of other parameters become important.

Bit rate is an obvious consideration for any system. Therefore, the electrical bandwidth
of modulators is an important consideration. The resistance in the contacts and the doped
p and n regions, and the capacitance due to the undoped intrinsic region lead to an RC
time constant which limits the device speed of operation. Device design and geometry
may reduce this time constant to <10ps.

The range of optical power over which the modulator will operate is another important
system consideration. There are two important effects at high optical power. First, the
exciton can be saturated. Second, screening effects can reduce the field in the quantum
wells at a given applied field, thereby reducing the effective modulation. The finite
saturation velocity of the carriers and the intrinsic region thickness combine to give a
second time constant limitation at high power.

A thick active region lowers the capacitance, but raises the transit time. Hence, there is a
tradeoff in the design of modulators which must be made depending upon the specific
application.

Optical bandwidth may be defined as the bandwidth over which the modulator maintains
a certain contrast ratio, e.g. 10, or equivalently a maximum off state power reflectivity,
e.g. Roff=5%. These are roughly equivalent due to the fact that Rop is very flat as a
function of wavelength as compared to Roff. The optical bandwith is an important
consideration because of possible variations in the wavelength of the laser source, and
thereby variations in the wavelength of operation. In addition, if the modulator is of the
absoption variety it can make an excellent wavelength selective detector.




If one considers large arrays of such modulators, issues such as power dissipatuon and
uniformity become significant. Optical power absorbed and electrical power delivered
both contribute to the total power which must be dissipated. Clearly, low voltage and low
insertion loss are important factors in achieving low power dissipation. Uniformity is a

general term referming to the capability of growing a uniform structure across an entire
wafer.

A final factor whnich will impact the conditions under which the device will perform
acceptably is temperature. Temperature causes the bandgap, and thereby the exciton, to
change and also changes the index, and thereby the location of the Fabry-Perot modes.
Whether or not external temperature control (e.g. TE cooler) is necessary is clearly
dependent upon the sensitivity of the device parameters to temperature.

The first demonstration of transverse modulators by Wood et al. [1] in 1985 employed a
simple PIN-MQW transmission configuration with the QCSE. Although more than 30%
transmission has been obtained with only 8 volts, the contrast ratios are quite limited ( <3
dB).

Using the simple transmission configuration, the contrast ratio has been improved to =7
dB [3] by using a much thicker active region, but the required voltage increases and
therefore My decreases. By incorporating a single reflector (monolithically grown
quarter-wavelength stack, or deposited-metal) on one side of the active region and an
anti-reflection layer on the other side, the effective interaction length is doubled from the
simple transmission configuration (4,5]. Both the contrast and the transfer function are
doubled for the same voltage swing.

My increases from 0.8 to 1.5 %/V due to the addition of the reflector. Using two
reflectors to form a Fabry-Perot (FP) cavity [6,7], the interaction length can bte increased
even more, and the amount of enhancement depends on the finesse given by the mirror
reflectivities [9]. Although the introduction of FP structures places a limit on the optical
bandwidth, BWq over which the device can be operated, the required voltage swing is
greatly reduced. Therefore, as long as BWg remains large enough, e.g., no less than the
room temperature linewidth of quantum well heavy hole exciton absorption peak, the use
of FP structures to improve the performance is justified.




Both electro-refraction {6,7] and electro-absorption [8] effects can be used with FP
structures. To use the electro-refraction effect, the mirror reflectivities on both sides of
the FP cavity are designed to be the same (index-tuned symmetric FP or SFPAn), and the
index change is used to tune the FP mode to achieve the modulaton. Depending on the
operating wavelength, the device can be normally-on (reflecting with no bias) or
normally-off (reflecting with bias). As much as 4 %/V has been achieved with contrast
ratios more than 15 dB [9]. However, due to relatively large finesse, BWg is quite
limited (= SA).

Although both electro-absorption and electro-refraction effects can be used with multiple
quantum wells (MQWs), the electro-refraction effect should be used at a wavelength that
is away from the sharp excitonic absorption edge, in order to avoid any induced
absorption change and to lose the advantages of sharp excitonic features [10]. Since both
effects are reduced with separation from the exciton, it is generally true that MQWs work
more efficiently in the electro-absorption mode than in the electro-refraction mode; that
is, FPs with an absorption change (Aa) tend to operate with lower voltages than the
SFPAn, or for the same voltage, they have wider BWo. However, SFPAn devices switch
the light instead of absorping it, and such an operating mode can be quite useful for
photonic switching and communication applications in which one wishes to preserve the
optical energy.

Unequal mirrors are used with electro-absorption effects to implement asymmetric Fabry-
Perot (AFP) modulators [10,11]. The modulation mechanism operates as follows.
Without cavity loss, the overall reflectivity is quite high if the bottom mirror reflectivity
is made close to unity and the top mirror reflectivity is somewhat less. With applied
fields, the increased cavity loss reduces the effective reflectivity from the bottom mirror
at the top surface, and the overall reflectivity can be made zero when the effective
reflectivity from the bottom has an equal magnitude to the top mirror reflectivity,

yielding the off state. The first experiments with AFPs simply used the semiconductor-
air interface as the top mirror [8,11], and comparable My's are obtained with significantly

wider BWg's (23 nm) than for SFPAn's.

More importantly, when a = 75% reflectivity top mirror is used, a voltage swing as low as

2 volts is enough to change the device reflectivity by more than 40 %, i.e. > 20 %/V [12].
Such an My represents the-state-of-the-art in transverse modulator performance, and we




will discuss such a device family using asymmetric Fabry-Perot structures in more detail
in this report.



IL. Symmetric (Electrorefractive) Fabry-Perot Modulators (SFPMs)
I1.1. Review of Operating Principles

The intent behind incorporating a Fabry-Perot étalon into a MQW electrooptic m~1ulator
is to increase the interaction length between the active material and the light beam, as
compared to simple transmission or double-pass reflection designs [3-5]. Modulation is
achieved by modifying the shape of a Fabry-Perot cavity resonance with an electric field.
We began owr work on Fabry-Perot modulators by concentrating on modulation of the
refractive index in high-finesse structures, which phase shifts the cavity resonance. Low-
finesse asymmetric FPMs have the advantage of increased optical bandwidth. For some
applications, however, such as a four-port optical switch which requires the modulator to
operate simultaneously in transmission and reflection, the symmetric version retains its
appeal.

1 A Symmetric Fabry-Perot Modulator (SFPM)
2 —— - Ra ;
= With bias o Ry = Ra tborb nighd
1] Use
[«4 to phase-shift
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Efficient medulauon in a high-finesse FP cavity by shifting the cavity resonance through electrorefraction.
Figure IL.1

11.2. Performance of SFPMs

Prior to this contract we presented measurements of a symmetric MQW FP modulator
with a contrast ratio of =10:1 for drive voltages as low as 7 V. Since then, we have
grown and characterized similar modulators with contrast ratios as high as 30:1 with an 8
V bias.[9] The device performance (contrast ratio, insertion 'oss, drive voltage} depends



largely on the placement of the FP resonance, which is determined by the exact ¢avity
length. To illustrate the effect of resonance placement relative to the exciton wavelength,
we present here measurements of twe SFPMs fabricated from the samec MBE-grown
wafer. The device structure consists of a 9-period front mirror and a 12.5-period back
mirror, with a nominally 0.75 um layer of MQW material (100A GaAs/100A
Alg.2GaQ 8As). We intentionally refrained from rotating the wafer during growth of the
active region in order to produce Jcvices with a range of operating wavelengths, The
structure is shown schematically below.

9 period mirror - pe AlAg/AIGaAs (x=0.2)

MQW active region (undoped)
37 periods of 100AGaAS/100A AIGaAs x20.2
(3 thick)

AlGaAs x20.15

Ne
contact layer

L1
12.5 period mirror
nid

Semi-insuixting
GaAs Substrate

A schematic of the reduced voltage, improved contrast SFPM structure,
Figure I1.2

The effect of operating with the FP resonance at two different wavelengths relative to the
MQW absorption edge is illustrated in Figures I1.3-11.6. Device "FP8D9", for example,
has the operating wavelength at = 857nm and 7.8 nm separation between the FP
resonance and the heavy hole exciton, while device "FP8E1" has its FP resonance at =
878nm and a AFP/exciton Of 25nm.

The data in Fig. I1.5 show that a device such as "FP8D9" which operates relatively close
1o the absorption edge requires less bias to shift the FP resonance, and has lower insertion
loss, but also has limited contrast because of its higher zero-field absorption. Operating



relatively far away from the absorption edge (device "FP8E1", Fig. 11.6) increases the
potential contrast but also increases the drive voltage and insertion loss.
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Measured reflection spectra for a FP structure with 9-period top ‘min'or, 12.5-period mirror bottom mirror,
and 3A/n-thick MQW active medium. The wavelength separation between the FP resonance and the
excitonic heavy-hole absorption, AFp/exc. is 7.8nm in this case.
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Measured reflection spectra for a FP structure with 9-period top mirror, 12.5-period mirror botom mirror,
and 3A/n-thick MQW active medium. The wavelength separation between the FP resonance and the
excitonic heavy-hole absorplion, AFp/exc, is 25nm in this case.

Figure I1.4
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I[II. Asymmetric (Electroabsorptive) Fabry-Perot Modulators (AFPMs)
II1.1. Principles of AFPM Device Operation

A Fabry-Perot structure with MQW as the active material can either operate with electro-
absorption or electro-refraction effects by designing the Fabry-Perot mode to locate
closer to or further away from the excitons. The latter mode of operation has been
described in detail in Ref. [9] where the mirrors on both sides of the cavity are made
symmetric, i.e. equally reflective. To make use of the electro-absorption effect, the
Fabry-Perot cavity can be symmetric or asymmetric. As will be discussed later in Section
I11.3, the asymmetric FP (AFP) structure [8,11] is found to be the more efficient structure
for low voltage operation.

The top (bottom) mirror of an AFP structure has an amplitude reflection coefficient of
ry(b) and power reflectivity of RT(B)zirt(b)lz, viewed from the cavity. RB>RT is used in
the design. Written in terms of the power reflectivites, the total power reflectivity from
the Fabry-Perot is given by:

IWR7-YRgexp(-ad)i2
FP= 2
H-YRrRpexp(-ad)l

R

Y

Assuming RB=0.97, Figure [II.1 plots RFp as a function of -l for two different RT's. In
the experiments described in the next section, we use a quarter wavelength stack of
Alg.2GaQ.8As and AlAs as the top mirror, and the available mirror reflectivities are
discrete frem 0.32 to 0.78 as the number of periods increase from O to 5. As the loss in
the cavity changes, the overall reflectivity of the Fabry-Perot structure is modulated. For
example, when a1 changes from 0.02 to 0.11, the reflectivity changes from 50 % (on) to
0 % (off) with RT=0.78. This is the basic operating principle of AFP modulators.
Depending on whether the absorption increases (e.g. QCSE) or decreases (Wannier-Stark
localization) as the field increases, the device at zero bias can be either on (normally-on)
or off (normally-off) [13]. The fact that

Rpexp(-2ad)=RT 2)

11



makes REP zero is the most interesting property of the AFP modulators. Conventional
absorption modulators can make the device reflectivity arbitrarily small but not
absolutely zero [1]. By designing RT smaller than RpB, the (field-induced) absorption
makes the effective reflectivity from the bottom mirror through the cavity loss equal to
RT but opposite in phase so that the net reflectivity equal zero. Since the bandwidth is
determined by the resonance width at the off-level, the bandwidth of the AFP is generally
wider than high-finesse Fabry-Perots that use index modulation, due to its less reflective
mirrors at resonance.

o
©

o
o

REFLECTIVITY
o
>

R, =0.78

0.2 -
0 1 N i "
0 0.2 04 0.6 0.8 1
ABSORPTION « THICKNESS (o)

Reflectivity of the AFP as a function of the cavity length product for top mirrot reflectivity of 0.32 and
0.78.

Figure IT1.1
1L2. Low Voltage, Low Insertion Loss, and High Contrast AFPM

The AFP is composed of a pair of asymmetric mirrors separated by a low loss active
spacer layer to make the net reflectivity at the resonant wavelength high at zero bias. The
top mirror is made less reflective than the bottom grating. The off-level is provided by
increasing the loss (e.g., electro-absorption effect) in the cavity so that the effective
reflection from the bottom grating viewed through the lossy cavity cancels the reflection
from the top mirror. In the original demonstration, the top mirror was simply an air-

12




semiconductor interface for which RT=0.32{11]. The advantage of no grating mirror on

top is to avoid the extra resistivity due to multiple heterojunctions, although graded
junctions can reduce the resistivity [14].

As far as device design is concerned, RT is one of the most important parameters to vary
for a given material with known electro-absorption characteristics. As RT increases, the
osl product required to change from on to off or vice versa is decreased. For a given
absorption change, the required active region thickness, 1, decreases, and the applied
voltage V decreases since V = Fel. However, the maximum reflection decreases and the
range of ol which gives very low reflectivity also decreases. The former effect indicates
an increased insertion loss and the latter effect means that the device performance is more
sensitive to design and fabrication errors.

A second factor responsible for the insertion loss is the amount of "residual” absorption
when the material is at minimum loss. With the QCSE, by choosing the FP mode
wavelength, AFp closer to zero-field exciton wavelength, Aex(0), smaller ficlds are
required to shift the exciton to the FP mode and also larger absorption can be obtained.
From Eq.(2) we know that the absorber thickness, 1, can be made small. However, due to
the finite linewidth of the exciton, the residual loss would be quite high, and therefore
also the insertion loss. Furthermore, the sensttivity increases as the top mirror reflectivity
increases. Conversely, by choosing AFp away from Aex(0), lower residual loss can be
obtained to decrease the insertion loss. However, the required field and active region
thickness increase, so the required voltage increases.

Using the excitonic electro-absorption model of Ref. [15], we have simulated the required
voltage to achieve < 3dB insertion loss, as a function of RT, for AFP modulators. This is
given by the solid line of Figure II1.9. Note that the voltage here is defined as the product
of the field and the required active region thickness, Fel. In PIN diodes, built-in voltages
on the order of 1.5 volts are present, and can serve as a2 bias. As RT increases, V
decreases initially due to the decrease of required active region thickness. But when RT
becomes too large, the insertion loss becomes very sensitive to residual loss, and one
needs to locate AFp further away from the zero-field exciton absorption edge to decrease
the residual loss. As a result, larger fields, as shown by the dashed line of Figure II1.2, as
well as a thicker active region need to be used, and the required voltage swing increases
again until the insertion loss can no longcr be limited to 3 dB. The minimum voltage

13




happens near RT = 0.76. Increasing the top mirror reflectivity from 0.32 to 0.78 reduces
the number of quantum wells required in the active region by a factor of = 3.
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TOP MIRROR REFLECTIVITY

The required voltage swing for the AFPM as a function of top mirror reflectivity (solid line). The required
field is also shown in the dashed line.

Figure IT1.2

The separation between the zero-bias exciton wavelength Aex(0) and the FP mode
wavelength AFP can be decreased if the QW exciton linewidth can be reduced by
improved crystal growth techniques and/or a different well/barrier combination. As part
of this contract, we have demonstrated that GaAs QWs confined by all-binary AlAs-
GaAs short-period superlattices (SPS)[16] exhibit superior luminescent behavior and
narrower luminescence linewidth due to impurity trapping by the SPS and the
improvement of the interface between well and barrier, caused by the replacement of the
ternary barrier material. Such high-quality QWs pose an attractive alternative to their
counterparts with random alloy barriers for applications such as AFPMs and other novel
optoelectronic devices.

We here summarize a normally-on transverse ASFP using QCSE in GaAs QWs confined
by AlAs-GaAs SPS, embedded between a top mirror of reflectivity (RT) = 76% and a
bottom mirror of reflectivity (RB) = 99%. This is a design[17] specifically intended for
low drive-voltage swing compatible with that in high-speed modern electronic circuits.
The ASFP simultaneously exhibits low insertion loss (< 1.65dB), large reflection change

14




(> 68%) and practically infinite contrast at the FP resonance for an operating voltage
swing of under 4V[18].

The device structure grown by molecular beam epitaxy on a (100) n+ GaAs substrate is
shown in Fig. I11.3. The top and bottom quarter-wave stacks consist respectively of 5
periods p-doped and 20.5 periods n-doped alternating 72SA AlAs and 625A
Alg.2GaQ 8As layers. The active region is composed of 25.5 pairs 100A GaAs QWs
confined by 45A AlAs-GaAs SPS with lp = 3.4A and ly = 10.5A, as schematically
depicted in Fig. IT11.3. The application of AlAs-GaAs SPS with average Al composition
of x = 0.3 for confinement and barrier layers minimizes all detrimental effects on the QW
interfaces arising from ternary alloys. Mesa diode devices were defined by standard
lithography and wet etching. Cr/AuZn/Au and AuGe/Ni/Au were then evaporated for top
p-contacts and bottom n-contacts respectively. The optical window of cach diode for
input light illumination is S0um x 50pm.
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Schematic diagram of the QW-ASFP layer structure. The top and bottom mirror reflectivities are 76% and
99% respectively. The active region has 25.5 periods of undoped 100A GaAs quantum wells confined by
45A AlAs-GaAs short-period superlattices with Ip = 3.4A and Iy, = 10.5A.

Figure ITL3

The reflectivity modulation of the device was measured by focusing light from a
Ti:sapphire laser with incident power ~ 1uW onto the QW-ASFP. Fig. II1.4 shows the
normalized reflection spectra for the QW-ASFP under different applied biases. Aex(0)

15




and AFPp at zero bias are at ~ 8500A and ~ 8650A, respectively, of which the separation is
~ 150A (« 25meV). This is an optimal distance between the resonant mode and the zero-
bias exciton for this particular ASFP structure, because it is wide enough to minimize the
effect of the zero-bias QW exciton's residual absorption at AFp on the device's on-state
reflectivity without increasing the operating voltage too much and reducing off to too
small a value to balance the ASFP. Hence, the FP mode reflectivity (REFp) dccrg:ascs
monotonically from ~ 68% to practically 0% as the voltage is increased from 0 to -3.75V.
Small red and then blue shifts of the FP mode due to the small refractive index changes
accompanying the QCSE are also observed. Both the contrast ratio [= R(OV)/R(-3.75V)]
and the reflectivity change [AR(V) = R(0V) - R(V)] of the QW-ASFP as a function of
wavelength are shown in Fig. III.5. For a voltage swing of 3.75V, within measurement
error, a practically infinite contrast ratio can be attained at AFp = 86524 and a contrast
ratio of more than 10:1 is observable over an optical bandwidth of ~ 22A around the
resonance. AR(-3.75V) at the wavelength of peak contrast is > 68%. Such a large
reflection change at AFp with a relatively low drive voltage leads to a total reflectivity
change per unit drive voltage of more than 18%/V. The insertion loss at AFp with peak
contrast ratio is < 1.65dB. At the wavelengths 8641A and 8663A, which mark the
spectral limits for 10:1 contrast, the insertion losses are as low as 1.17dB and 1.12dB
respectively. To the best of our knowledge, this is the first ASFP that possesses the
features of very low insertion loss, large reflectivity change and high contrast ratio at
AFP, and only requires a low drive-voltage attainable in CMOS electronic circuits.
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Narrowband modulation spectra of the QW-ASFP under various bias voltages. The reflectivity at FP
resonance decreases monotonically from 68% to 0% for an operating voltage swing of only 3.75V.

Figure I11.4
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(a) Contrast ratio [= R(0V)/R(-3.75V)] and insertion loss, and (b) change [AR(V) = R(0) - R(V)] in
reflectiviy of the device as a function of wavelength at three different bias voltages. The contrast ratios for
those wavelengths with R(-3.75V) = 0% are not shown. A reflectivity change of >35% (>50% of the peak
AR) can be observed over an optical bandwidth of >75A which is larger than that of the contrast ratio, 224,
defined as the spectral width with more than 10:1 on/off.

Figure IILS

Since the AFP is operated with the electro-absorption effect of MQW's, a strong
photocurrent signal is detected for all bias conditions. Note that the built-in voltage of
=1.5 volts gives a field of = 40 kV/cm which is sufficient to provide the bias for
detection. The detector response is voltage-dependent, as expected. Since the
transmission through the AFP is quite small (S 3 %), the fraction of the light that is
absorbed in the active region (A) is approximately equal to one minus the reflected power
relative to the input power (R), i.e. A = 1-R. So if the input optical signal carries a bit
stream, the modulator can be used as a detector. Such a function has recently been
demonstrated {18], and the results would be improved further with the low-voltage AFP
modulators.
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I11.3. Comparison of Various Fabry-Perot Modulators

In asymmetric Fabry-Perot structures, RT is made smaller than RB. One could also
design a structure with RT = Rp, and use the the loss induced in the cavity to effectively
decouple the bottom mirror reflectivity. In the limit as the induced loss increased, the net
cavity reflectivity would tend towards RT. The design of the mirrors would be similar to
the index-tuned Fabry-Perot (SFPAn) modulator, in that the reflecdvities would need to
be high to minimize insertion loss, and the cavity would be slightly asymmetric to
compensate for residual loss in the active region. We refer to this absorption-tuned quasi-
symmetric Fabry-Perot as SFPAa.

To compare index- and absorption -tuned Fabry-Perot modulators, based on our previous
measurements, we make the reasonable assumption that the MQW material has a
maximum absorption change, Ao = 4000 cm-1 and a maximum real refractive index

change, An = 0.3 %. Note that (4n/1)(An/Aa) = 0.4. This being less than 1 indicates that
MQW material is more efficient in electro-absorption mode than in electro-refraction
mode. All devices are modeled to have 3 dB insertion loss at their on-state, and zero-
reflection at the off-state.

Figure IT1.6 plots the required active region thickness to achieve the modulation between
the on (50 %) and off (0 %) states as a function of the top mirror reflectivity. The
advantage of the AFP is now obvious. SFPAa and SFPAn-type devices are found to be
comparable in terms of the required active region thickness. Data points shown in Figure
[11.6 illustrate the agreement of our experiments with the simple model.

It should be noted that for the same RT, thinner required active regions represent wider
optical bandwidth BWq because optical bandwidths are inversely proportional to the
product of the finesse and the effective cavity length, which is the sum of the actual
cavity length and the grating mirror penetration length. More detailed discussions on
optical bandwidths are given in Section [V.
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Figure II1.6
IIL4. Superlattice AFPM with a Normally-Off Characteristic

Although all of the work on AFP modulators discussed in the previous sections has used
the quantum confined Stark effect (QCSE) in QWs, we have also demonstrated a device
which exploits the Field Induced Stark Localization effect in a superlattice (SL) [19], for
which we described initial experimental results in our previous report. By "superlattice"
we mean a structure where the wells and barriers are of a thickness such that the
quantum-confined energy states are no longer sharply defined, but broadened into
minibands in the absence of an electric field. In contrast to the absorption-edge red shift
in QWs due to the QCSE, the SL absorption edge shifts to the blue with increasing field
due to the localization of extended states in both conduction and valence minibands in the
SL. Essentially the absorption edge sharpens up with bias. This phenomenon, generally
referred to as Wannier-Stark localization {20], has been observed at room temperature
[19] and potentially offers lower voltage operation than the QCSE.

Our SL-AFP [21] contains a SL (100 1/2 pairs of 30A GaAs / 30A AlQ.3Gag 7As) active

layer in between a highly reflective bottom mirror, which is a quarter-wave (1/4) stack (15
1/2 periods of alternating 618A AlAs and 535A AlQ.3Gag.7As layers), and a less
reflective top mirror, which is an air-semiconductor interface (RT =~ 0.3). The off-level of
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the SL-AFP at zero-bias is :ichieved by aligring the Fabry-Perot (FP) resonance at the
appropriate wavelength relative to the low (or zero) field absorption edge with enough
absorption so that the effective reflection from the bottom mirror viewed through the
absorptive cavity cancels the reflection from the top. The on-level is attained by reducing

the cavity loss using a field-induced blue shift of the SL absorption edge upon application
of sufficient field.

Fig. I11.7 shows the narrowband spectra of the SL-AFP device under different reverse
biases. The reflectivity at the zero-bias Fabry-Perot mode increases with increasing bias
and reaches a value of 25% at -8V.
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Narrowband reflection spectra of the SL-AFP device under different reverse biases.
Figure ITL7

Fig. II1.8 shows the photocurrent measurements of the SL-AFP as a function of
wavelength at various reverse biases. The photocurrent (Iph) spectra are voltage

dependent as are the reflectivity counterparts. In this device, the fraction of light that is
absorbed inside the cavity's active material is approximately equal to (1-Rfp) since the
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transmission through tue SL-AFP is only a few percent. At the zero-bias resonant
wavelength (= 7620A), the net reflectivity RFp of the SL-AFP is essentially zero when
there is sufficient but not excessive lcss inside the cavity. Therefore the incident light is
totally absorbed and the Iph, is at its maximum at resonance. As the applied electric field
is increased beyond the built-in value, REp is increased by reducing the cavity loss at
resonance through the blue-shifted electro-bsorption effect of Wannier-Stark localization
in the superlattice. The Iph around the resonance wavelength decreases with increasing
field as a result. There is a progressive emergence of a peak at = 7460A with increasing
field which is due to the recovery of the QW exciton as a result of Wannier-Stark
localization. Fig. III.8 shows that n=gative differential resistance is observable over a
wide range of wavelengths (= 7500A to 7650A). The existence of this negative
differendal resistance is a necessary condition for successful demonstration of a Self
Electro-optic Effect Device (SEED) [22].
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Photocurrent spectra of the SL-AFP at different reverse biases. The structure exhibits negative differential
resistance over a wide range of wavelengths (7500A - 7650A). The inset shows the experimental schematic
for the photocurrent measurement where conventional lock-in techniques were used.

Figure I1L8
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[V. Sensitivity Analysis
IV.1l. Wavelength, Temperature, and Voltage Effects

Resonator-type devices are known to be sensitive to operating conditions. Although the
AFP modu’ .iors mentioned above usually have low finesse (S 10), variations in
wavelength, voliage, temperature will have some bearing on the stability of the device
operation. We analyze these effects in this section.

In gereral, the AFP requires the right amount of absorption (aop; induced at the right
wavelength (AFp), near which wavelength ()\op) the optical signal is operating. The
a9sorption at AEP is determined by the appliec field (F) and the relative wavelength shift
between AFP and Aex(0), the zero-field exciton position. Our design is to use Fop to shift
the exciton from Aex(Q) to AFP to induce the required absorption Qop to turn off the AFP
as given by eq.(2),1.2.c

Oop = (21 In(Rp/R7) 3)

A variation in F and Aex(0) would cause the induced absorption, a, to be different from
®op, making the off-level non-zero. The on-level would of course be changed due to
these variations, but it is less sensitive than the off-level, because the latter is the one that
determines the contrast ratio the most. Therefore, the sensitivity is determined by the
variation of the off-level to the vaiiations in wavelength and absorption. Variations in F
are due to variations in applied voltages, while v.ariations in Xex(O) could be due to
thermal drift of the bandgap energy.

[V.1a. Operating Wavelength Variations - Optical Bandwidth

When reflection modulators are in their off-state, the reflection stays low only over a
certain wavelength range, as shown schematically in the inset of Figure IV.1(a).
Assuming the on-state is S0% reflective and the system requires 10 dB contrast, the
ontical bandwidth is the wavelength range over which Roff (off-state reflectivity) stays
below 5%. Following the procedure in Ref. [9], we have the following expression for we
allowable wavelength variation A}\op with respect to AFPp:
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where Leff, T(B) is the penetration depth in the top (bottom) grating, and Roff is the
requirement on the reflection in the off-state which is set at 5% in our example. For
convenience, we assume Leff,T+Leff,B= 1 pum, although the actual values depend on the
design of the grating mirrors.

Figure IV.1(b) plots the 10 dB optical bandwidth BWo, given by 2+/AAqp! based on the
active region thickness requirement calculated in Figure III.6 (Section II1.3). The
measured optical bandwidths of various devices are also indicated. Reasonable
agreements have been obtained, and therefore the optical bandwidth of Fabry-Perot type
devices is mainly determined by the structure itself, rather than the material's electro-
optical effect, because the optical bandwidth is somewhat smaller than the exciton
linewidth. The one exception is the AFPM with RT=0.32. Because the finesse is only =
2, this device has a material-limited optical bandwidth.

R
A

50 % = On

5 % |- Off BW,

(a)
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(a) Schematic drawing for defining optical bandwidth. (b) Calculated optical bandwidth for SFPAn and
AFP as a function of top mirror reflectivity. Data points are also included from the indicated references.

Figure I'V.1
IV.1b. Voltage Swing Variations

Variations in voltage, i.e. variations in field, would cause the absorption in the MQW:s at
the FP mode to deviate from design values. The analysis shown in Figure IV.2 models
the effect of variation of absorption on the off-level due to variations in field (F) and
zero-field exciton position (Aex(0)). Wavelength variation can also be interpreted as
variation in the operating wavelength or the position of the Fabry-Perot mode. So the

variation in wavelength can be discussed in terms of the difference of the operating
wavelength (FP mode) and the zero-field exciton position, AA = AFP-Aex(0).

The inset of Figure IV.2 schematically shows the heavy-hole excitonic absorption as a
function of wavelength under applied electric field. For a given Fabry-Perot cavity loss
value, a, one can trace the contours of field and wavelength shift (F, AA) to give the same
value a. Due to the Lorentzian shape of the excitonic line, there may be more than one

branch of such curves. In other words, under a given field there may be more than one
wavelength shift (AA) that gives @, as illustrated in the inset.
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Figure [V.2 shows the absorption contours corresponding to Roff=0 and 5% for a 2V
AFP modulator. The dashed lines represent the contours for Roff<0% (absorption=2271
cm-1). Due to the Lorentzian line shapes as mentioned, there are two branches for
Roff=0%. For Roff=5% there are two absorption values, 1324 (less loss) and 3770 (more
loss) cm-1, shown in solid and dotted lines, respectively, as indicated. There are four
branches for Roff=5%. There are two zones defined by the two different absorption
contours, within which zones Roff stays below 5%. The two zones merge where the
higher loss contours stop, since the higher loss value is actually larger than the peak
absorption of the exciton. This condition is satisfied when the loss contour meets the
exciton peak position trace (also in solid line) as a function of field.

RELATIVE WAVELENGTH, A (nm)

0 20 40 80 80 100
FIELD, F (kV/cm)

Sensitivity of the applied field and the zero-biased exciton position.
Figure IV.2

Our design is to locate the operating condition near the point where the two zones merge
to give the most tolerable operating variations. As one can see, the merged zone gets
narrower as the fieid or thc wavelength shift increase. The experimental operating point
is indicated by the dot (Fop, Algp). It should be noted that the lower zone corresponding
to the short wavelength side of the heavy-hole exciton only represents partial information.
The actual situation may be more complicated due to the presence of the light-hole
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exciton and the onset of the continuum transitions. To maintain low insertion loss, AFp.

Aex(0) should be kept above some value due to the finite linewidth of the hh-exciton. For
example, AFpP-Aex(0) needs to be >10 nm for maintaining less than 3dB insertion loss,
although at this point we have experimentally observed = 4dB insertion loss.

When the applied field is Fgp, the tolerance in the wavelength shift is = £ 2 nm, as
represented by a segment of vertical line in Figure II1.10 passing through the operating
point to maintain Roff S 5%. Note that this is the tolerance in AFp-Aex(Q), not in the
operating wavelength. The actual tolerance in the operating wavelength is more
determined by the FP mode linewidth (* Inm), as described in section I'V.la. Similarly,
with the right wavelength shift, AAop, the tolerance in field variations is = £10 kV/cm as
indicated by a horizontal line segment. For a 0.5 um thick active region, the tolerable
voltage variation is =0.5 volts, which agrees with experiment. This 20% voltage
tolerance represents the sensitivity of the AFP of finesse 12 to applied voltage variations.

IV.1c. Temperature Variation

Variation in temperature causes a drift of the bandgap energy and a change of the
refractive index. The former changes the exciton position while the latter varies the FP
wavelength. Figure IV.3 shows the temperature-dependent zero bias reflection spectrum
of the AFPM. The two reflection dips correspond to the heavy hole exciton and FP
mode, as indicated. As seen from Figure IV.3, the heavy hole exciton shifts three times
faster than the FP mode [23].

Figure IV.4 shows the temperature-dependent modulation of the AFPM as a function of
voltage. Aop is chosen to be AFp (862 nm) at 20 °C. The transfer function is smaller
(=13 %/V) than the peak value of 23 %/V, which is observed at another wavelength. One
sees immediately that as the temperature increases from 20 to 35 °C, the insertion loss
initially increases due to the increased residual loss caused by the approaching of the
exciton. After that, the insertion loss does not vary much because Aop and AFp are no
longer aligned. As the temperature increases, the separation between Aex(0) and Agp
decreases, so one does not have to apply as large a field to shift the exciton to kop, and
the required voltage to achieve minimum reflectivity decreases. Although the difference

between high and low reflectivity decreases as the temperature increases, the electro-optic
transfer function remains about the same, My = 13%/V, from 15 to 30 °C, and degrades a
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Due to AAFP. the operating wavelength Agp is misaligned with AFp and the tolerable
AAFp is = 1 nmor  10°C for AFPMs. In addition to AAFPp, the exciton is also shifted,
and AFP-Aex(0) shifts at a rate of 1.8 A/°C. If the operating wavelength tracks the FP
mode, from the requirement of A(AFP-Aex(0)) = £2nm, we know that the temperature
tolerance is also = +10°C. If the operating wavelength is fixed, the tolerance in
temperature would be less than 10°C for high contrast. On the other hand, large
reflectivity change can be obtained with much larger operating tolerances.

It is interesting to note that without the FP resonance, Aex(Q) determines the operating
wavelength. For a fixed operating wavelength, the tolerance to temperature variations is

smaller because a—g‘%& is larger than 3_;_;2 On the other hand, if the operating wavelength

tracks the exciton, the tolerance to temperature variations is much larger.

IV.2 MBE Growth Tolerances

In this section we present a study of the effects of the active cavity layer thickness
variation on the operating characteristics of normally-on low-voltage high performance
asymmetric Fabry-Perot modulators. For a modulator consisting of 25.5 periods of a
multiple-quantum-well active region (100A GaAs / 45A (GaAs/AlAs) short period
superlattices) with § pairs and 20.5 pairs of top and bottom quarter-wave stacks
respectively (as in Fig. [11.3), assuming only layer thickness variation in the active cavity
caused by Ga flux nonuniformity, the shift of the Fabry-Perot mode wavelength is ~5.8
times that of the QW heavy-hole exciton. This affects the relative distance between the
wavelengths of the quantum well exciton and the Fabry-Perot resonance, and hence the
performance of the modulators. Also, the tolerable percentage change of the Fabry-Perot
mode wavelength should be less than 0.13% in order that such modulator arrays have at
least 10:1 contrast ratios at a fixed optimum operating wavelength. This defines the
epitaxial growth tolerance for obtaining the uniformity of the operating wavelength of an
array and the precision with which we can obtain a desired wavelength, its
reproducibility, and its uniformity across a wafer.

As discussed above, it is desirable for a surface-normal optical modulator to exhibit both

high contrast ratio and low insertion loss. For an ASFP to achieve simultaneously the
lowest insertion loss possible and an infinite contrast ratio tight control of epitaxial layer
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thicknesses and compositions is required. The need to match the quarter-wave stack
spectral response and the effective cavity length in order to place AFp at an optimal
distance from Aex(0), along with the different rates of variation of AFp and Aex(0) with
layer thickness and composition, make this crucially important. In addition, because of
the finite linewidth of the FP resonance, spatial variations of AEp will cause variation of
optimum operating wavelength among devices from different areas of a wafer. In order
to investigate the feasibility of fabricating a reasonably sized array of ASFPs with
uniform usable operating characteristics, in this work, we examine one aspect of the
problem: the QW-ASFP's sensitivity to the active layer thickness and/or composition
variation. This defines the epitaxial growth tolerance for obtaining uniformity of the
operating wavelength of an array and the precision with which we can obtain a desired
wavelength, its reproducibility, and its uniformity across a wafer.

Consider an FP cavity of length L¢ clad by two different distributed Bragg reflectors
(DBRs) as shown in Fig. IV.5. In the vicinity of the Bragg frequencies of the DBRs, the
reflectivity of each mirror is assumed to have uniform amplitude and a linear phase; the
complex amplitude reflectivity of the top (bottom) mirror is given by [24]:

T12)(0) = r1(2)exp(jP 1(2)(®)) 5

where r1(2) is the peak amplitude reflectvity at the mirror Bragg frequency wj(2) and
@1(2) is the frequency-dependent phase of reflection. Without loss of generality, the
Bragg frequencies of the two mirrors can be assumed to be equal, i.e. @] = w2 = ®B and

the phases of the mirrors at can be assumed to be 0. Therefore, by defining the
penetration depth in the two DBRs as:

- (M,
Lt = CDEEDha, (©)

where 7 is the average refractive index inside the active medium and AB = 2nc/wB, AFP

is given by:

po o ALt
= ALetly)

= €
m + 2nLyAg
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where m is the order of the FP mode and Ly = Ly +Lr. If there is a perturbation in the

optical length of the active region, i.e. A(fiL.), then the change in the FP mode
wavelength (AAFP) is:

MEE___( Lc )(A(EI-C)

= ) (8)

If the change of AFP is due only to a variation of L, then taking into account of index
dispersion of the active medium, (8) can be written as:
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Schematic illustration of a generic ASFP structure. r1(2)exp(j@1(2)) is the complex amplitude reflectivity
of the top (bottom) mirror, where @] and @) are the frequency dependent phases of the reflection of the top
and bottom mirrors respectively. L. is the length of the active region. Each component layer of both DBRs
is of thickness one quarter of the Bragg wavelength.

Figure IV.5

Since, for GaAs at photon energy below the band edge, ofi/dA is negative, the effective
AAFP/AEP is smaller than it would have been without index dispersion. It should be
noted that the change in AL due to composition variations will have the same effect as
adding or subtracting a certain thickness of material. In this study, the barrier material of
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the QWs in the active region of the ASFP is composed of AlAs/GaAs short 'pcriod
superlattices (SPSs), in place of an AlGaAs alloy, for the sake of improving QW
interfaces (Fig. IV.5). In this case, the fractional change of AFp will be:

Ahgp _ ( L¢ )(A(UALA)+A(UGI<3))
App  tle nle

(10)

In (10), fil is assumed to be equal to nGLG+nALA, where nG and nA are the refractive
indices of GaAs and AlAs, and LG and L A are the total thicknesses of GaAs and AlAs,
respectively. Since the active medium contains only binary compounds, AAFp will be a
function of thickness variations of the constituent layers only. The index dispersion
relationships of both component layers can also be included into (10) as was done in (9).

If there is also a small systematic departure from a quarter-wave in every component
layer of both DBRs, in addition to variation in fil, the mirror reflectivities in the stop-
bands of the mirrors will not be much affected because the reflectivity in the high-
reflection band of each mirror changes very little and the dominant effect is the change
of phase. Assuming the FP mode still occurs in the linear phase regions of both DBRs
(which is the case of interest), then the fractional variation of the mode wavelength can be
expressed as:

Bpp 1y LAGLY) | LeAnit)
v | Ltle @l (m)

(11

where A(nitj)/(njtj) is the systematic fractional error of each quarter-wave layer optical
thickness that shifts the Bragg wavelengths of the DBRs from AB to AB+AAB, where njtj
=ARB/4 and i = H, L (Fig. IV.5). If there is an arbitrarily small departure from a quarter-
wave, in the optical thickness of a particular layer or some layers of either one or both
DBRs in an FP etalon, the contribution of the mode shift due to the phase error caused by
this stack layer error can also be calculated but will be treated elsewhere[25,26].

Since the QW hh exciton transition energy also shifts as the well width changes, it is
interesting to compare the rate of shift of the FP mode with respect to the Group I flux
variations to that of the QW transition energy. By assuming the QW barrier to be of
infinite height, and using the appropriate infinite-barrier well width to obtain the same
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zero-field energy as the actual finite well, a closed form for the QW transition energy can
be written as:

2
Z‘“

where Lz oo is the equivalent GaAs well width with infinite barrier height, Egis the
bandgap of GaAs, and me and mph are the electron and heavy hole effective masses
respectively. The change in EQW, due to a variation of Lz e, is therefore given by:

Agw _ Eqw-Eg 2AL, .
=( E X ) 13
"o L. (13)
where AQW = hc / EQW and h is Planck's constant.

Thus the shift of the FP mode wavelength relative to that of the QW hh exciton, due to
GaAs thickness variation is:

2
Mow 1 Le o Faw AL, L,

R =
R w2 Letle (Bqw-EpEm Ml

(14)

where EFp = hc /AFP. And the fractional change in Lz o0 (i.6. ALz 0o/L.z 00) is replaced
by ALz/Lz, where Lz and ALz are the actual GaAs well width and thickness variation,
respectively. Given the device structure in Fig. IV.5, if we assume that the layer
thickness variation in the cavity is due to Ga flux variation, then AAQW, AAFP and
RFP/QW can be calculated using (9)-(14). In the estimation of AAFP and RFP/QW, the
index dispersion relation of GaAs below band-gap with photon energy, 1 - (A/n)(dn/0A) =
1.14 was applied. Our model predicts AAFP/AFP = 0.275 ALz/Lz and AAFP/AFP =~ 0.048
ALz/Lz, yielding RFP/QW ~ 5.8. If, in addition, Al flux spatial nonuniformity is also
included, then AQw will essentially be unaffected, while AAFp and hence RFp/Qw will
be altered as (L¢) in (10) is increased or decreased accordingly. For example, if
IA(nGLG)I = I(AnALA)|, AAFP due to the variation in Al content will be about 8% cf that
due to the variation in Ga only. Furthermore, if there are optical thickness variations of
the quarter-wave stacks constituting the mirrors, AAFp will be changed due to this
additional variation but AQw will remain the same and hence RFp/QW will be different
from the one calculated above.
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The device structure was grown by a Varian Gen II molecular beam epitaxy (MBE)
system under an Asg4-rich condition. Both top and bottom mirrors were grown with
rotation to improve the spatial uniformity of their spectral response. The active region is
composed of 25.5 periods of 100A GaAs QWs confined by 45A AlAs/GaAs SPSs (3.4A
AlAs and 10.5A GaAs) (Fig. IV.5). The application of AlAs-GaAs SPS with average Al
composition of x=0.3 for confinement and barrier layers is expected to minimize all
detrimental effects on the QW interfaces arising from ternary alloys. In order to perform
a spatial assessment of optical nonuniformity of the devices as a function of active cavity
layer thickness and to verify the formulations derived in previous section, the wafer was
not rotated during the growth of the QWs. The substrate was positioned in the MBE
chamber with its major flat at an angle of ~90° (~+4° due to the uncertainty in mounting
the wafer on the Mo block) relative to the direction of Ga source. The devices in an array
were then defined photolithographically on the central portion of the wafer. The rows
(columns) of the devices were aligned parallel (orthogonal) to the wafer's major flat.
Standard etching and metallization techniques, using Cr/AuZn/Au for p-contacts and
AuGe/Ni/Au for n-contacts, were used for fabricating the mesa diodes. The optical
window of each mesa diode for coupling input light is SOum x SOum. Center-to-center
spacings of the modulators in the x-direction (row) and y-direction (column) are 250um
and 200pum, respectively.

A 14 x 10 array of QW-ASFPs was tested by focusing light from a Ti:sapphire laser with
incident power of ~1uW onto the optical window of each device. The detailed
reflectivity modulation of devices in every other row and every other column were
measured. High contrast modulation operation of all of the devices was observed as
expected though at somewhat different operating wavelengths because of the different FP
mode wavelengths.

All of the devices tested in the array exhibited >100:1 contrast ratio with <3dB insertion
loss at the corresponding FP modes for operating voltage swings of less than 4V. The
nonuniformity of the modulation characteristics of the devices in the array due to
variations in (AFP - Aex(0)) and AFP is illustrated in Fig. IV.6, where, for simplicity and
for purposes of illustration, the modulation spectra (on-state at OV and off-state at
optimum bias) of devices in every fourth row of the seventh column of the array are
shown. The device (07,05) is a typical device having optimum separation (~1504)
between AFP and Aex(0). It simultaneously exhibits low insertion loss (<1.65dB) and
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practically infinite contrast at AFp and only requires less than 4V voltage swing. A
contrast ratio of more than 10:1 is observable over an optical bandwidth of ~22A around
the resonance which defines the layer thickness tolerance for an array of devices with
similar performance at a fixed operating wavelength.
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Reflection spectrum (on-state at OV and off-state at optimum bias) of every fourth device of every seventh
column is shown. The modulators in the y-direction exhibit linear shifts of both FP mode and exciton to
shorter wavelengths.

Figure IV.6

Devices in the same row are quite uniform in both Aex(0), AFP, drive voltage, on/off
ratio and insertion loss. For devices in the same column, owing to the deliberate

positioning of the wafer during the QW growth such that the angle between the y-
direction and the direction of Ga source is ~0°, this results in a variation of L¢ that is

almost entirely due to thickness variation of GaAs. As shown in Fig. IV.6, devices in the
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same column (in y-direction) exhibit linear shifts of both FP mode and exciton to shorter

wavelengths since the thickness gradient over a small distance is linear. The relative
shift, RFP/QW, estimated from the spectra is ~5.5 which is in reasonably good agreement
with that derived using (14), given the error in estimating the small shifts of Aex(0).
Since AFp shifts about 5.5 times faster than Aex(0), the residual losses at the
corresponding FP modes increase as the FP modes approach the hh exciton. Typically
the insertion loss increases from ~1.5dB (corresponding reflectivity change (AR) 2 70%)
at the FP mode in the first device to ~2.6dB (corresponding AR = 55%) in the 10th device
in a column. The magnitude of drive voltage needed to turn off a modulator in a column
also drops from ~3.9V in the first row to slightly less than 3.0V in the 10th row.

All the devices tested in the array still possess less than 3dB insertion loss and more than
20dB contrast, despite the variation in (AFP - Aex(0)) being as large as ~45A. For device
applications which require two-dimensional arrays of ASFPs, such as spatial light
modulators for optical computing, the operating wavelength is normally fixed. The
allowable FP mode wavelength variation (defined by the optical bandwidth for 210:1
contrast[3]) which is therefore ~+11A (i.e. A\FP/AFP =~ 0.13%) is much smaller. This
imposes the ultimate layer thickness accuracy and uniformity requirement on these two-
dimensional arrays. This constraint means that the error in the optical length of the active
cavity should be controlled to within 0.4%. If the optical thicknesses of the component
layers of both DBRs also vary proportionately (i.e. A(fLy)/(L.) = A(m;t)/(nit), i = H, L
in Fig. 1) then the allowable percentage error in the optical thicknesses of all the layers
should be within ~0.13%(5].

In summary, we have studied the effects of the active cavity layer thickness and/or
composition variations on the operating characteristics of normally-on low-voltage high
performance asymmetric Fabry-Perot modulators. For the modulator structure that we
employed, consisting of 25.5 periods of 100A GaAs quantum wells confined by 45A
(GaAs/AlAs) SPS with 5 pairs and 20.5 pairs of top and bottom quarter-wave stacks,
respectively, the shift of the Fabry-Perot mode wavelength is ~5.8 times that of the QW
heavy-hole exciton, assuming only layer thickness variation caused by Ga flux
nonuniformity. This affects the relative distance between the wavelengths of the
quantum well exciton and the Fabry-Perot resonance, and hence the performance of the
modulators. Furthermore, the tolerable percentage change of the Fabry-Perot mode
wavelength should be less than ~0.13 % in order that such modulator arrays have at least
10:1 contrast ratios at a fixed opt:mum operating wavelength. This, in turn, defines the
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epitaxial layer and composition tolerance of the active layers which should be limited to

less than 0.4% [~0.13% if the variations of the optical thicknesses of the layers
constituting the mirrors are taken into account and the fractionul optical thickness
variation of the active cavity is equal to that of each constituent layers of the inirrors (i.c.
A(ML)/(ML) = A(nitp/(nity), 1 = H, L) for obtaining the required uniformity of the
operating wavelength of an array and the precision with which we can obtain a desired
wavelength, its reproducibility, and its uniformity across a wafer. ‘

IV.3. Power Saturation Limitations

The high-efficiency asymmetric Fabry-Perot modulator may be considered as an
optoelectronic interface element for interconnection applications such as smart pixels.
Due to the asymmetry of the cavity, which forces light that is not reflected to be almost
totally absorbed, the device can play a dual role: as a transmitter with modulated bias and
a c.w. optical input, or as a receiver with fixed bias and modulated optical input. Of
course, this dual functionality is attractive, but it can be anticipated that the presence of
large numbers of photo-generated carriers within the active region will ultimately begin
to degrade the modulator performance through exciton screening {27] and space charge
effects [28]. Furthermore, the dissipated electrical power may well lead to thermal
problems. Given that we would want to fan out the modulated opuacal power reflected
from the ASFP to a number of other devices in a 2-D array, and allcwing for inefficiency
of the optics, we may well require the ASFP average output to be on the order of mWatts,
e.g. 50-" V.uW per channel into 16 channels, in order to achieve acceptable bit error
rates. With this in mind, we have made some preliminary investigations of the power-
dependent perfoi.mance of the ASFP modulator/detector.

Figure IV.7(a) shows the spectral response of the ASFP under very low power
illumination (= 0.25 uW). Measurements were made at room temperature under cw
illumination from a tunable Ti:sapphire laser at normal incidence using the facility
described later in this report. The devices were simple mesa p-i-n structures, 150 x 100
pm in area, with 2 50 x 50 um square window. The laser spot was estimated to be =
10um in diameter. As described in section IIL2, at the resonant wavelength contrast is
more than 20dB for only = 3.75V bias. In this particular case the voltage for maximum
contrast is further reduced since the cavity resonance is = 3nm closer to the MQW
absorption edge.
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Now note the changes when the input power is increased to = 1.5 mW, as shown in
Figure IV.7(b). We find that substantially higher voltages are required to shift the MQW
absorption peak out to the FP resonance wavelength. Maximum contrast is now achieved
for 9.5V, at a slightly longer wavelength than for the low power case, and it is no longer
> 20dB. Addidonal measurements show that we can still achieve = 20dB contrast at
optical powers up to = 250 +W, where the bias required increases to = 5.5V.
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Measured reflecticn spectra for high-efficiency ASFP modulator at (a) low and (b) high incident optical
power. Corresponding optical intensities are (a) IW/cm2, and b) 2kW/em2.

Figure IV.7

We attribute the increase in the minimum reflection to a reduction in the peak absorption,
due to a high density of photo-generated carriers which, even at high fields, rcmain within
the quantum wells long enough to screen the formation of excitons to some degree [29].
Note that the minimum which occurs in the zero-volt, low power reflection curve at =
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85lnm in Figure [V.7(a), due to the exciton absorption peak at the band edge, is not
visible in the corresponding high power curve in Figure [V.7(b). The screening effect is
particularly strong at low biases, and has previously been observed in MQW structures at
intensities of = 1kW.cm-2 [29] The limiting factor here is the escape time from the
quantum well, which can be reduced by using thinner, lower barriers and even designing
to achieve resonant tunneling between adjacent wells at some specified voltage (30].

The more obvious problem is the increase in the bias voltage and the shift of the FP
resonance. We believe this can be avoided by reducing the very high series resistance in
the quarter-wave mirror stacks. In this particular device structure the quarter-wave stack
mirrors have abrupt heterointerfaces and double as the p and n contact layers. The
multiple heterointerfaces of the mirror stack present a serious hinderance to carrier
transport, especially for holes in the p-doped mirror. Figure IV.8 shows the measured
forward I-V characteristic for the ASFP diode. The series resistance is in the kQ to MQ
range. For currents on the order of 1mA, which we generate for the high power case
here, the associated voltage drop appears to be =2.5-3.0V. This also gives rise to high
power dissipation within the device and thus a temperature increase which tends to shift
both AFp and Aex to longer wavelengths.
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Measured forward [-V characteristic and resistance of the ASFP under zero illumination.
Figure IV.8

It is clear that the device characteristics are severely modified by the presence of this

large nonlinear series resistance. However, this should not be a fundamental limit on the
device. By redesigning the structure to incorporate intra-cavity contact layers [31] we

38




can avoid the problems of transport through the mirror stacks, at the expense of increased
cavity width and thus reduced FP linewidth. Alternatively, we can modify the stacks
themselves, with spike doping and interface grading [32] to reduce the series resistance to
acceptable levels.

Looking at the detection properties of this ASFP structure, we find efficient responsivity
over a range of optical powers up to = 2mW at the FP resonance wavelength (862.2nm).
The theoretical maximum responsivity, assuming all incident power is absorbed, and all
carriers are collected in the contacts, is = 0.68 AW-1. Figure IV.9 shows that at uW
power levels the responsivity climbs rapidly, corresponding to a fall in the reflected
power, as bias is increased so as to provide the critical amount of absorption needed to
balance the cavity. Peak responsivity is = 0.54 AW-1 - an impressive figure considering
that the absorbing region is only = 0.35um thick. Following the trend in the reflection
datz, as the incident power is increased the voltage required for peak responsivity
increases dramatically. As one may expect, at = 1.5 mW the voltage for maximum
current is close to 9.5V, just 2s for maximum contrast in the modulator. The peak
responsivity is reduced compared to that observed at low power primarily because we
chose to fix the input at the wavelength of maximum contrast for low power. Additional
measurements have been made on an MQW p-i-n with the same active region as the
ASFP, but with no cavity structure and low resistance contact layers. These showed no
significant shift of the respbnsivity peak until the input power reached = 10mW, after
which point the peak shifted to lower voltage. This is actually the expected behavior in
the absence of very high series resistance, where power dissipation causes a temperature
rise, pushing the MQW absorption edge toward the measurement wavelength.

For completeness, Figure I'V.10 illustrates the narrow band nature of the high-efficiency
photodetection in the ASFP. The input power is roughly the same as that used for the
high power reflection measurements. At .0V it appears that the built-in field is
insufficient to sweep out much of the photo-induced charge. 2-4V bias is required to
begin to eject carriers from the quantum wells, at which point the exciton absorption peak
becomes visible at = 850nm. With increasing bias the photocurrent in the neighborhood
of the FP resonance increases ever quicker, with the spectral shape appearing as the
inverse of the reflection spectra. Beyond 10V bias the peak photocurrent decreases very
little since the absorption is then sufficient to aimost balance the cavity over a wide range
of bias.
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Figure IV.10
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To conclude this section, we have determined that the ASFP, which was shown to operate
very efficiently at low input optical powers, has some limitations in its present form at
practical power levels. High series resistance must be eliminated or avoided in order for
the device to operate with high contrast and low voltage at high optical power levels.
This is also a prime consideration in the high speed operation of these devices. Setting
aside the series voltage drop problem, we see reduction of the contrast at powers of =
1.5mW (= 2kW.cm-2). The upper limit such that we still get = 20dB contrast is only =
250uW (or = 330W.cm-2). In order to improve on this figure we must re-design the
barriers of the MQW region for faster sweep-out. The present short-period superlattice
design, presents a high effective barrier height, resulting in the very high absorption ratios
which allow us to demonstate high efficiency at low powers. Fox et al[29], and Morgan
et al[30] have recently demonstrated improvements in absorption saturation intensities to
10-60 kW.cm-2 by reduction of barrier height and width, and field-induced resonant
tunneling in order to reduce carrier sweep-out time from quantum wells. Such
modifications will necessarily force us to incur some increased operating voltage, or
increased insertion loss in order to maintain high contrast.

Photodetection is not as sensitive a problem as reflection modulation in the ASFP. Input
powers which reduce the maximum contrast from 20dB or greater to = 10dB only reduce
the responsivity by perhaps 10%.

IV.4. Power Dissipation Considerations for Arrays

A major consideration for the use of modulators in arrays is the issue of power
dissipation. It is a fairly straightforward task in the case of the “optimally designed”
AFPMs to calculate the power dissipation because they are characterized by a back power
reflectivity of RB = 1, and therefore all optical power is either absorbed or reflected.
These modulators have typical contrast ratios of >20db, which means that the power
reflected in the off state is below 1% and therefore the power absorbed is approximately
equal to the incident power. In addition to the optical power absorbed, one must add the
elctrical power dissipated by the device due to photocurrent. The QW modulators which
are based on the QCSE are normally-on devices (as opposed to the superlattice devices
based on the Wannier Stark effect, which are normally-off devices) and the applied
voltage in the “on” state is normally VA = OV. In this case, the power dissipated due to

photocurrent is zero. Using these assumptions about the operation of the modulators, and
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assuming a 50% duty cycle, the totil power dissipated by the device may be written as
follows:

Pp=1 [(1-Re) Pm+<1+g§— V off) Pl (15)

The prefactor of 1/2 simply reflects the duty cycle. The first term within the brackets is
the power dissipated in the on-state, where VA=0 and the power dissipated due to

photocurrent is zero. The second term is the power dissipated in the off-state, in which
case all of the optical power incident is absorbed, and the applied voltage is VA=Voff.
This expression can be re-written as follows:

Pp =Pou*M (16)
where
Pout = Ron*Pin a7
and
M=r1l 1Ny H_ 1 1
[Ron( +fhv off) 2] (18)

Writing the power dissipation in this way is important for several reasons. First, it relates
the power dissipated to the power out. This is important since the power out is a
parameter determined by fan-out and detector sensitivity constraints. Given Pout, the
dissipated power is constant if the parameter M is a’constant. M being a constant relates
Voff to Ron linearly. Therefore, by creating a graph of Voff vs. Ron, contours of
constant power dissipation turn out to simply be lines. We have chosen here to plot Voff
vs. (1-Ron), which maintains the property of linear power dissipation contours. This is
convenient because the insertion loss is equal to 10*logi10 (1-Ron). As described in
earlier sections, low modulation voltage and low insertion loss are important
characteristics of good modulators. If Voff is too high, it will not be compatable with
electronic circuit voltages, which are SV today and headed towards 3.3V. If the insertion
loss is too large, Pin may need to be too large as calculated by other system
considerations, and the device may saturate. For this analysis, I assume a quantum
efficiency N=1 and a operating wavelength of Aop=860nm.
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The actual graph is shown in Figure [V.11. The abscissa is sub-labeled in terms of
insertion loss and Rop for convenience. Data points are shown for a number of high
contrast modulators published to date. In addition, however, theoretical curves based
solely on the quantum well absorption data can be generated for optimum device designs
which trade off low voltage for low insertion loss. These turn out to be a function of the
front mirror reflectivity, Rf, and so a family of curves can be generated. Figure IV.11
shows curves for the quantum well material used in the UCSB designs at Re=0.3, which
corresponds to a device with no front DBR, and Rg=0.76, which corresponds to the low
voltage, low insertion loss, high contrast device described earlier. The actual devices fall
close to the theoretical curves.

The theoretical curves are generated as follows: First, photocurrent measurements are
performed on PIN material with no DBR mirrors (i.e. a single pass structure) varying the
bias voltage discretely and then sweeping the wavelength. The absorption coefficient for
the QW region is extracted from these measurements given the intrinsic region thickness
and the well / barrier ratio are known. A family of curves showing absorption as a
function of wavelength at a given bias voltage is obtained. For design purposes, these
curves may be directly translated into absorption at a given bias electric field simply by
dividing the applied voltage by the total widii of the intrinsic region of the sample
measured. In order to achieve zero reflected power in the off state, equation (2) must be
satisfied, which sets the condition:

oty = - £ Ine) (19

where ly is the total width of the quantum well material (i.e. excluding barriers) in a
particular modulator design. This is where the dependence on Rf enters. From the
absorption data, one may plot aofffaon where con refers to the absorption at E=0 and
aoff refers to the absorption at E=Eoff, and so a new family of curves is generated. From
this new set of curves, the quantity Gonlw may be determined. Equation (1) may be
rewritten and used to find Rgp for the case of Rg=1:

R, =— R (20)
T (1Re)?
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where

Ra = YR exp(-ttonlw) 21)
Clearly, since we wish to minimize the insertion loss, we wish to maximize Ry and
minimize R, which means we wish to minimize agnlw or maximize the ratio aoff/oon-
At a given field swength, Eoff, there is a wavelength Aop at which this ratio is a
maximum. Substituting the value for agplw into equations (21) and (20), we determine
Ron. Evaluating aoff at Aop and knowing dofflw, one can determine ly. Given the
particular quantum well / barrier structure being used, one can then determine the total
thickness of the intrinsic region, IMQW =1w + lp, where lp is the total barrier thickness.
This, combined with the applied electric field yields the applied voltage, Voff =
Eoff*IMQW. By iterating this calculation at a particular value of Rf over a wide range of
Eoff, one can determine the locus of points of possible modulator designs possible with
the quantum well material under consideration. This is what has been done in figure
IV.11.

Clearly, the infcrmation provided by such a graph is useful because it illustrates the range
of possibilities based solely on the quality of the quantum well material which can be
grown. As described earlier, the “quality” is a function of such parameters as exciton
strength, exciton linewidth, composition of wells and barriers, relative thicknesses of
wells and barriers, and growth and processing conditions. As is clear from the data, the
UCSB low voltage, low insertion loss, high contrast ratio device is one of the best
produced to date. |

The general shape of the contours shows that there is a point on a given contour at which
the power dissipation will be a minimum. The theoretical curve for the Rf=0.76 case has
a minimum which is slightly above the M=2 line. The UCSB device lies just above this
curve at about M=3, indicating that it is very close to the optimum design in terms of
power consumption as well.

In the preceeding analysis, Rf was left as a free parameter. It should be reiterated that the
optical bandwidth is a direct function of Rf, and as shown by the equations in figure
V.11, the lower the front mirror power reflectivity, the wider the bandwidth. This was a
theme discussed earlier as a primary advantage of asymmetric modulators over
symmetric modulators. As can be seen by comparing the two contours for the UCSB
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material, one with Rf=0.3 and the other with Rf=0.76, the perfocrmance in terms of power
consumption, voltage, and insertion loss has improved, but the optical bandwidth is
reduced. In addition, as Rf increases, the thickness of the intrinsic region decreases due
to the fact that less absorption is required to reduce the “effective” reflectivity of the back
mirror such that it exactly balances the front mirror. This increases the capacitance
according to the equations in figure IV.11, and thereby reduces the electrical bandwidth
of the device as well.
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V. High-Frequency Operation of Fabry-Perot Modulators

Modulation speed is extremely important for most of the information processing and
optical interconnection applications whose promise sparked our interest in Fabry-Perot

modulators in the first place. We are currently working towards the fabrication of
devices which should run at 30 to 50 GHz.

V.1. Device Structure, Fabrication and Measurement

Our original Fabry-Perot modulator fabrication process consisted simply of evaporating
p-contacts onto the MBE-grown material and then cleaving the wafer into reasonably
small pieces for testing. Growing the FP étalons on N+ GaAs substrates enabled us to
contact the n-doped mirror through the substrate, but the resulting devices were relatively
large and slow.

In our first efforts towards achieving high frequency modulators, we were fabricating
symmetric Fabry-Perot structures. In order to achieve higher-frequency modulation, we
incorporated a highly-doped n-contact layer into the FP cavity to eliminate the series
resistance through the substrate and back mirror, developed a two-level mesa fabrication
process to delineate smaller, lower capacitance devices, and integrated these smaller
devices with 50Q coplanar microwave probe pads. To further reduce the series
resistance, we graded the heterojunctions in the p-mirror. Figure V.1 shows both cross-
sectional and top views of a high-speed symmetric FP modulator identical to the one
discussed in section II, except for the modifications just mentioned.

The fabrication process we chose to implement first (because of its relative simplicity)
consists entirely of "wet" processes and is limited to devices no smaller than about 40um
on a side. The devices we fabricated have dimensions 40pm x 40pm, 60pm x 60pm, and
100um x 100um. We measured a 3db electrical bandwidth of 6.5 Ghz on SFPMs
fabricated using this process.
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Cross-sectional and top views of a high-speed symmetric Fabry-Perot modulator.
Figure V.1

We quickly moved on to asymmetric FPMs, and developed a more sophisticated process
which used dry etching techniques to fabricate smaller devices. For the initial
demonstration, we chose to use a front mirror power reflectivity of Rf=0.3, which
corresponds to a simple air-semiconductor interface (i.e. no DBR). This has the clear
advantage of eliminating any series resistance caused by transport through the
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heterojunctions in a p-mirror. The back mirror had a reflectivity of Rp=0.99, the intrisic
MQW region was characterized by 73 100A GaAs quantum wells with 1004
AlQ,2GaQ 8As barriers, and 1pm thick Alp 2GagQ.8As intracavity contact layers doped to
2x1018 cm3 were used. The device at several stages of processing is shown in Figure
V.2. A photograph of finished device is shown in figure V.3.
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Modulator Process steps. a) First, areas of silicon are lifted off to protect the surface of the device. The
silicon is removed from the p-contact areas with a CF4 plasma etch and the self-aligned p-contacts are
lifted off. b) The n-contact layer is exposed and the devices isolated with a dual-level C12 RIE etch. ¢) A

dielectric layer is applied overall and then removed from the n-contact areas and the tops of the devices.
Finally, both n-contacts and probe pads are lifted off.

Figure V.2
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Top view of a completed device.

Figure V.3

The first process step consisted of a simple lift-off of patches of polycrystalline silicon to
protect the front mirror surface of the devices from subsequent process steps. Next, we
etched through this layer and lifted-off self-aligned Cr:AuZn:Au p-contacts. (For this and
all the following lift-offs we employed a dual-layer conformal-mask techﬁology
comprising an acetone-soluble planarizing layer of polymethylmethacrylate (PMMA) and
a lifted-off nickel mask layer. We undercut the PMMA layer substantially with an
oxygen plasma to facilitate the lift-off of thick metal films.) Next we Cl2 reactive-ion-
etched a two-layer mesa structure, masking small squares with nickel and using the
silicon areas deposited earlier as a sacrificial mask to retard the etch in the vicinity of
each square in order to expose the n-contact layer there. We then spun-on a polyimride
dielectric isolation layer, etched it off the tops of the device mesas, and deposited a thin
layer of SiO2 to protect the polyixixide from exposure to the oxygen plasmas involved in
later process steps. Etching through this dielectric layer, we lifted-off Ni:AuGe:Ni:Au n-
contacts, and then defined and lifted-off 50-Q2 probe pads of 0.5-um-thick Ti:Au. Finally,
we removed the protective silicon layer from the device windows with a gentle CF4
plasma etch.

Since the modulator structure we used for these preliminary measurements was not

optimized for low-voltage operation, we concentrated on the modulator dicdes’ relative
small-signal performance, using an HP 8340 synthesized sweeper with a Tektronix 40

49




GHz microwave probe to gcneraré the RF drive voltage and an HP 8566B spectrum |

analyzer coupled with a high-speed GaAs detector to measure the modulators' response
(Fig. V.4). The modulators’ performance was optimum at a Ti:Al203 laser wavelength
of 857 nm and a DC bias of 6 to 8 V. We measured the optical response of the
modulators for cptical powers ranging from about 100 uW (~300 W/cm2) to 1.5 mW
(~4.5 kW/cm2 — well into the non-linear regime for these devices [29]). After
calibrating the RF sweeper and spectrum analyzer and c.rrecting for the losses in the
semi-rigid microwave cabling, bias tees and detector, we estimated the modulators' 3-dB
electrical bandwidth to be more than 20 GHz (corresponding to an optical f3dB greater
than 34.5 GHz) for the lower-power measurements, and abourt 15 GHz (optical f3dB =
26 GHz) at the onset of saturation near 500 pW (Fig. V/.5). (Note that the device was not
terminated in 50 Q for these measurements.) A further tripling of the optical input power
from 500 uW to 1.5 mW led to only a 1 dB increase in the modulation level at low
frequencies, indicating that the device was severely saturated. Even at this highest opdcal
intensity, however, the 3-dB bandwidth remained about 15 GHz. Instrumentation
limitations, as well as the ripple in the data caused by reflections at the microwave probe
and interference with radiated signals, prevented a more exact determination of the 3-dB
frequencies. Higher-frequency measurements of devices optimized for higher-optical
power, lower-voltage operation should yield more precise values.
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Figure V.4
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Two calibrated optical small-signal measurements of the same 30um x 30um modulator, showing noise
floor and best-fit th:oretical curves. Curve a) was taken with 200uW of optical power incident oa the
device and curve b) with 500uW. We calculated the theoretical curves shown assuming electrical f34p’s

0s 21Ghz and 15Ghz, respectively.
Figure V.5

Figure V.6 shows an electrical circuit model of the modulator diode extracted from S-
parameter measurements taken with an HP 8510 network analyzer. The model confirms
the reduction in the device capacitance which we achieved by both decreasing the device
area and increasing the thickness of the intrinsic region. The series resistance was
improved, as expected, by substirating a p-doped AlGaAs contact layer for the front
quarter wave stack and reducing the separation between the edge of the n-contact and the

device.
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Device equivalent circuit extracted from HP 8510 network analyzer measurements to 40Ghz.
Figure V.6

Since the RC-limited f3dB this model predicts is

= _EA 1
fidB [27t((Rs+Zo)(IMQw)+Z>CpAd)] (22)

we surmise that the device is RC-limited at low optical intensity levels. At high optical
power, however, the modulators' speed is clearly limited by some other mechanism, be it
the carrier-transport limitations of the MQW active region {15] or an effect of the three-
dimensional configuration of the modulator diode [23].

Our speed predictions based upon RC limits alone assume that, because the speed of the
quantum-confined Stark effect relies on the rate at which the field switches, and not on
the collection rate of the carriers, quantum-well modulators in general will not be limited
by transit-time at low optical powers. To test whether our hypothesis still holds for large-
signal modulation, we designed a layer structure with a wide intrinsic region which
minimizes the device capacitance while maintaining high-contrast, low-voltage-swing
operation.

The most efficient material structure for an AFPM employs a high front mirror
reflectivity to increase the effective interaction length of the device, shortening the MQW
intrinsic region width required to reach the critical absorption, and consequently lowering
the voltage. Unfortunately, narrowing the intrinsic region also increases device
capacitance, so there emerges a basic trade-off between capacitance (speed) and voltage
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swing. By working well off the absorption edge, however, we were able to obtain a
sufficient absorption contrast to guarantee large-signal operation with a relatively small
electric field change, and thus a reasonable AC voltage swing.

The final material structure, consisting of front and back mirrors with reflectivities of

52% and 99% respectively, a 1-um MQW operating region composed of 80 100-A GaAs

quantum wells with 45-A Alg 2Gag gAs barriers, and 0.6-pum-thick Alg |Gag gAs

8 cm'3, was grown by molecular beam epitaxy.

intracavity contact layers doped to 2x101
A modification of our previous process was required in order to accomodate an
intracavity contact to the p-doped AlGaAs which required etching through the front
mirror. The device at several stages of processing is shown in figure V.7. The first
process step consists of a simple lift-off of patches of polycrystalline silicon to protect the
front mirror surface of the devices from subsequent process steps. Next, we etch through
this layer and the front mirror stack and lift-off self-aligned Cr:AuZn:Au p-contacts. (For
this and all the following lift-offs we employ a dual-layer conformal-mask technology
comprising a soluble planarizing layer of e-beam photoresist (PMGI — Hoechst-Celanese
SAL-110-PL1) and a lifted-off nickel mask layer. We undercut the PMGI layer
substantially with an oxygen plasma to facilitate the lift-off of thick metal films.) Next
we Cl2 reactive-ion-etch a two-layer mesa structure, masking small squares with nickel
and using the silicon areas deposited earlier as a sacrificial mask to retard the etch in the
vicinity of each square in order to expose the n-contact layer there. We then sputter-on a
dielectric isolation layer of =0.7 um SiO2 or SiNy, and CF4-etch it off the tops of the
device mesas. Again etching through this dielectric layer, we lift-off Ni:AuGe:Ni:Au n-
contacts, and finally define and lift-off 50-Q probe pads of 0.5-pum-thick sputtered Ti:Au.

We fabricated 16 pm x 20 um modulators integrated with coplanar microwave probe
pads. Figure V.8 shows a photogragh of a finished device. Measured wavelength spectra
for the finished devices at various bias voltages (Fig. V.9) demonstrate the efficient
operation of the modulators at DC. The measured contrast was about 15:1 fora 5 V bias
change but in reality the contrast for these modulators is much larger — indeed arbitrarily
large at one particular wavelength. In our case much of the measured residual reflection
was due to spurious reflections from the periphery of the laser spot, which was a bit too
large for the device, rather than reflection from the device window. Simply adding a
length of single-mode optical fiber to serve as a spatial filter increased the contrast to 30
dB or more for a 5 V change in bias, while maintaining an insertion loss of 3 dB.
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Scanning electron micrograph of finished 16im x 20um device with integrated coplanar microwave probe
pad. The optical window is 15um x 15um.

Figure V.8

DC spectra for device J10 at 25°C
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DC spectra of finished 16pm x 20um device.
Figure V.9
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We extracted the device model in Fig. V.10 from network-analyzer meaurements of the
devices and probe pad patterns. The RC-limited bandwidth predicted from this model is

= 1 =
a8 zn[cd(Rs"'Zo)*Cpleo] 37Chz @

—— ===

Lpag | Rs |

Cpad_ 20 pH ! 110Q

12fF T | C l

' Toatr |

| T23 1

modulator diode

Equivalent circuit for ASFP modulator.
Figure V.10

At optical power levels for which the device is transit-time limited, the bandwidth will be
considerably lower, depending on the speed with which the carriers can escape the
quantum-well material. Pump-probe measurments suggest that the carrier sweep-out time
for comparable quantum-well material and electric fields is about 10 ps, which
corresponds to a transit-limited bandwidth of 16 GHz. [5]

We measured the frequency dependence of the AFPM's modulation directly by sweeping
the frequency of the microwave drive signal and the spectrum analyzer simultaneously.
Subsequently, we measured the roll-off of the various active and passive components and
subtracted them from the raw data to obtain the calibrated frequency dependence of the
AFPM alone (Fig. V.11). From the curves in Fig. V.11 we see that, just as in our earlier
small-signal measurements, the modulators are transit-time limited at the higher optical
intensity levels, in this case to a bandwidth of 18 GHz, which corresponds to a transit
time of about 9 ps. At lower optical intensities, however, their bandwidth exceeds this
transit-time limit, and, indeed, the capabilities of our measurement system.
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Figure V.11

For this experiment we applied 2 11.5 V DC bias, and a 14 dBm microwave drive signal
(corresponding to a 6 V swing). At low optical intensities (=80 uW on the device), they
switched about 60 pW at 20 GHz, with 18 dB contrast and 1.5 dB insertion loss. At
higher optical intensity levels (= 500 uW), the AFPMs switched about about 350 uW
with >20 dB contrasi and 1.5 dB insertion loss at 2-3 GHz. At 18 GHz, the optical
modulation was =125 pW. With this high-speed performance, AFPMs should find
exciting applications in fast "smart pixel" photonic switching and interconnection
systems. '

V.2. Design Methodology

We will restrict our consideration of the high-speed performance of AFPMs to the
situation in which the space charge built up in the quantum wells is insufficient to impact
negatively the device performance, either by saturating the exciton or by reducing the
effective voltage applied across the MQW region. As discussed above, this amounts to
limiting the peak incident optical intensity to relatively low levels (less than, perhaps, 1
kW/cm2 or =0.15 mW on a 10 um-diameter device). Subject to this constraint, the
device's speed is limited only by the RC time constant associated with the diode
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capacitance and series resistance, and the system impedance and parasitic capacitances,
and not by any transit-time considerations, as it would be in a photodetector. We can
ignore, then, for this analysis, the problems of carrier trapping in and escape from the
quantum wells which become important at higher optical powers.[29]

To design a high-speed AFPM, we begin by calculating the absorption—thickness
products (atlw)on and (alw)off required in order to give the desired on- and off-state

reflectivities (or, equivalently, the desired insertion loss and contrast ratio). The
reflectivity at resonance is given by

R, =R(1 - —%)2/(1 -Re)?, where Ry = YRRpexp(-ady) (24)

where Rf is the front mirror reflectivity and Rp the back mirror reflectivity. It is useful to
consider the ratio of (xtiw)off to (lw)on, since in general the more demanding the device
design parameters, the higher this ratio will have to be. We can derive experimental
values of this absorption ratio from measured electroabsorption curves (Fig.V.12). The
most efficient designs will then correspond to the peaks in the absorption-ratio curves, or
the points of maximum absorption ratio for a given field change AE and DC bias. From a
plot of this maximum absorption ratio versus the corresponding Qoff for various values of
AE we can find the combined thickness of quantum wells lyw, which, for a given AE,
yields the required (clw)off and (cdw)on. The total thickness of the MQW intrinsic
region is then IMQW =lw + 1b (where Ip is the combined thickness of the quantum well
barriers), and the operating voltage swing required is AV = IMQWAE.

A plot of IMQW versus AV (Fig. V.13a) derived from electroabsorption data for a certain
MQW structure (e.g. the 100A GaAs well/ 45A Al0.3Ga0.7As barrier material of Fig.
V.12) constitutes a general design constraint which an AFPM design employing that
MQW material must satisfy in order to give the desired contrast and insertion loss. From
this curve, then, given the physical structure of the modulator (i.e. its area A, series
resistance Rs, and associated pad capacitance Cpad), we can plot the predicted electrical
bandwidth of the device (Fig. V.13b):

As these plots demonstrate, asymmetric Fabry-Perot modulators do indeed offer high
speed, as well as the winning combination of high contrast, low insertion loss, and low
operating voltage swings which would be required for high-speed optical switching
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arrays. Current devices, such as our recent 21 GHz device[31], are limited by series
resistance and pad capacitance; engineering the diode's contacts and the pad design
should yield substantial speed improvements for essentially the same modulator structure.
Further, design curves such as these facilitate optimizing the material structure itself for
high-speed operation.
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Figure V.12
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Figure V.13
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VI.  Circuits and Applications

VI.1. Superlattice AFP Bistable SEED

There has been considerable interest in optical switching devices using both
semiconductor quantumn wells (QWs) and superlattices (SLs). SEEDs are one class of
such devices, and are promising elements for future optical information processing
systems. The term "SEED" generally applies to any combination of modulator and
photodetector which allows the optical output of the device to be set by an optcal input.
In a quantum well SEED (QW-SEED), a MQW modulator is usually connected in series
with a reverse-bias voltage supply and a load element such as a simple resistor. By
increasing the incident light intensity at an operating wavelength which coincides with
the zero-field QW exciton peak, switching and optical bistability due to positive feedback
can be obtained [22). Also, a more sophisticated load such as a photodiode (or another
similar modulator) can be connected in series to form a diode SEED (D-SEED) [33], or a
symmetric SEED (S-SEED) [34] to achieve better bistability loop characteristics.

We have exploited the potential of the SL-AFP as a very high-contrast normally-off
modulator by connecting the SL-AFP in series with a photodiode and a reverse-biased
voltage supply to form a high performance superlattice Fabry-Perot self-electro-optic
effect device (SL-FP-SEED) [35].

The SL-FP-SEED configuration is shown in Fig. V.14(a) where the SL-AFP is
connected in series with a Si photodiode and a reverse bias voltage supply ( = 7.5 volts).
When both the control beam (power Pinl) and signal beam (power Pin2) are incident
upon the Si photodiode and the SL-AFP respectively, they give rise to photocurrents in
the circuit. The current through the Si photodetector must be equal to that through the
SL-AFP at steady state, and the voltage across it adjusts itself to ensure this condition is
satisfied. The reflected optical output (power Pout2) from the SL-AFP is modulated as
the voltage across it changes. The operation of this device ¢an be readily understood by
considering the photodetector as load for the SL-AFP, as shown in Fig. V.14(b). Here the
Si photodetector input intensity is varied and that to the SL-AFP modulator is fixed. The
device is bistable whenever there are three intersection points [23], and this will be the
case if the SL-AFP is operated at a wavelength where absorption decreases with
increasing voltage. Like the S-SEED (34] this device will only be bistable when the
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optical input powcr'lcvcls are comparable (line B), and only one single state will exist if

the incident power onto the SL-AFP is much higher than that onto the Si photodiode and
vice versa (lines A and C respectively).

Signal R, Py Output R,: Control
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a) Schematic set-up of the SL-AFP-SEED. Pin1 and Pjn2 are the incident light power of the Si photodiode
and the SL-AFP, respectively. Poup? is the reflected output power from the SL-AFP that can be swilched
by varying Pin1. b) Load lines of both the SL-AFP and the Si photodiode. Solid curve is the photocurrent
vs voitage for the SL-AFP at one particular input intensity Pin2. Dashed lines are the photocurrent vs
voltage for the Si photodiode at the three different input intensities Pinl. Line B shows that the device is
bistable because there are three intersection points between the SL-AFP and the Si photodiode load lines.

Figure V.14
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Fig. V.15 shows the reflected power from the SL-AFP as a function of applied voltage at
a wavelength = 7620A. The reflected power reached the zero line when the incident light
onto the SL-AFP was blocked. A high contrast ratio of >100:1 has been obtained at this
wavelength.

3.0
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Reflected power of the SL-AFP as a function of voltage at the wavelength 7623A. The reflected power
reached the zero line when the optical input beam onto the SL-AFP was blocked.

Figure V.15

With the SL-AFP in the SL-FP-SEED configuration (Fig. V.14(a)), we tested for optical
bistability by shining light onto the Si photodiode using a commercial GaAs laser diode
and illuminating the SL-AFP with the Ti:sapphire laser. The output power of the
Ti:sapphire laser was set to be constant for each measurement. The GaAs laser power
was ramped up and down to cause the SL-AFP 's output to switch state.

Fig. V.16 shows the reflected optical power (Pout2) from the SL-AFP as a function of
incident intensity (Pin1) onto the photodiode for two different signal beam powers (Pin2).
Optical bistability in the SL-AFP 's reflected power with respect to the photodiode's input
power could clearly be seen. As shown in Fig. V. 16, an on/off ratio of about 130:1 in the
reflected power output was also attained. The output of the device also scaled linearly
with the Pin2. Likewise, the device's bistability loop width also varied proportionally
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with Pin2, as expected [22]. Optical bistability could be observed in a wide spectral

range and an on/off ratio of more than 10:1 was obtained over an optical bandwidth of =
30A.
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Output power (Poyp2) reflected from the SL-FP-SEED vs control power (Pin1) for different signal powers
(Pin2)- An on/off ratio in Poyp of 130:1 was attained.

Figure V.16

The potential advantage of incorporating SL-AFP into SEEDs can be further extended by
connecting two such modulators in series with a reverse-bias voltage supply to form a
high performance S-SEED. The external bias voltage of suct an S-SEEI can also be
reduced or eliminated by employing SL-AFPs with lower operating voltage, obtained by
properly reducing the active region thickness and increasing the top mirror reflectivity.

V1.2. Superlattice AFP Linearized SEED

For analog signal processing applications, it is advantageous that the optical output
depend linzarlv on the control input, be it electrical or optical. It is well known that the
modulated optical output with respect to the drive voltage of neither a simple QW non-
Fabry-Perot modulator nor an ASFP is linear. To improve the linearity of the optical
output signal of the modulator with respect to the input control signal, we operate a QW-
AFP with simultaneously very low insertion loss, high contrast and low drive voltage as a

64




" SEED, where current biasing of the AFP is used. The optical modulation of the AFP is

expected to vary linearly with drive current and exhibit similar high performance with
low switching energy.

The AFP device structure contains top and bitton quarter-wav.: stacks respectively of 5
periods p-doped and 20.5 periods n-doped alternatirg 725A AlAs and 625A
Alp.2Gag gAs layers. The active region inside the Fabry-Perot cavity is composed of
25.5 pairs 100A GaAs QWs confined by 45A AlAs-GaAs SPSLs. In contrast to that of
the optically bistable SEED, the internal optoelectronic feedback in the present case is
negative because the operating photon energy is at the FP mode of the normally-on AFP
where the photocurrent increases with increasing reverse-bias voltage, due to increasing
absorption caused by the red shift of th QW exciton. As shown in Fig. V.17, a voltage-
control current source is conr.ected to the AFP in reverse bias. When the current I; from
the current source is larger (smaller) then the photocurrent Iph generated by the AFP,
then it will charge up (discharge) due to the current difference. This in turn adjusts the
voltage across the AFP to yield increased (decreased) absorption and hence increases
(decreases) Iph until the stable equilibrium point I¢ = Ipp is reached. At this point, if the
internal quantum efficiency of the AFP is unity, then the absorbed optical power P4 is
given by hvic/q, where hv is the photon energy and q is the electronic charge. Since Pp
is linearly dependent on the control current I, the reflected power Pr given by Pr = P; -
PA (very good approximation because the transmitted power of such AFP is very small
compared with Pj and Pa) is therefore a linearly decreasing function of I.. Further, PA
can be expressed as APj where A is the fraction of light absorbed in the active cavity and
is a function of the active medium absorption coefficient and the FP cavity parameters.
At the FP resonance, A is virtually complementary to the FP reflectivity, and this can lead
to the virtual extinction of the reflected power of the balanced AFP with sufficient drive
current.

Shown in Fig. V.18 are the output powers versus drive current curves for two different
optical input powers at the FP wavelength (866nm). Except in the low current region
close to I¢ = QA where the reflected powe: is limited by the AFP’s insertion loss
(<1.6db), the AFP’s reflected power decreases linearly with increasing current to a
minimum given by it’s ‘zero’ reflectivity, yielding contrast ratio of >100:1 at the output.
In the linear region, the rate of change of Py with respect to that of I¢ is given by the
fundamental parameters hv/q, as evidenced by the slopes of the curves in Fig. V.18.
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Figure V.18

The speed of the current device operation is dependent on the speed of charging and
discharging the AFP P-I(QW)-N diode by the I¢c and Iph difference. The current

demonstrated SEED can also be in other configurations where the AFP is integrated with
electronic components to extend the device versatility and increase potential applications.

V1.3. Fiber-to-Fiber Coupling Interface for Transverse Modulators
Prior to employing transverse modulators in systems, one must examine methods of

efficiently coupling light into and out of these modulators. We have been pursuing a low
loss fiber interconnect system that is also low in cost, as well as being portable.
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Shown in Fig V.19. is the coupling scheme that has been designed to meet these goals.
The coupling involves two GRIN rods (graded index lens) 1.8mm in diameter and 5.5mm
long (Lg). Light in a GRIN rod propagates sinusoidally which results in focusing
characteristics dependent on Lg. The GRIN lens can be modeled as a normal lens with a
working distance (L2) and a magnification that varies as a function of fiber to GRIN
distance (L1). These curves are plotted for three values of pitch (pitch p Lg) in Fig. V.20.
We used a pitch of 0.29 because it is commercially available and we desired a longer
working distance (7mm). The magnification is not presently an issue (a 60pum device was
used) but future systems using smaller, high speed devices may require a larger pitch
GRIN rod.

With the fibers positioned slightly off center, a focus point half way between the GRIN
centers can be achieved (see Fig. V.19). If both of the fiber/GRINs are focusing to this
same point then, with a mirror at this point, the light should efficiently couple from one
fiber to the other. For the 0.29 pitch GRIN, the angle of incidence on the device was 7
degrees, well within the operating range of the Fabry Perot. Our novel approach of
utilizing GRIN lenses for this purpose has led to some promising results.
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Figure V.19
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Figure V.20

Alignment consists of independent xyz control (for each fiber) and xyz + rotation control
for the device. Once alignment was achieved and the fibers were epoxied into place, then
the xyz controls on the {ibers were removed. The final package would include the 5 axis
mount for the device, a high frequency (with DC bias) input, and a input and output for
the fibers (Fig. V.21).

The beam waist at the modulator (Fig. V.22) was approximately 25um, as expected, since
the beam waist out the fiber is 6.4um and the magnification is approximately 3.7X. The
variation in coupling efficiency versus length L2 and device angle, was less than 1 dB
over 50pum and 0.3 degrees, respeciively. The coupling efficiency varied less than 0.5 dB
over the wavelength range of 840-900nm.

The loss in the fibers that were used (fiber connector plus end reflection) was 0.3 dB.
The coupling loss of the total system (fibers, GRIN rods, and a 100% mirror) was 3.3 dB
without any epoxy between the fibers and the GRINs, and 1.8 dB with un-cured UV
epoxy. At 865nm, this particular device is highly reflective, which resulted in a total on
state loss of 2 dB. While at the designed operating point of 859nm, the on state was -6.5
dB and the off state -31.8 dB. This contrast ratio of 25 dB was similar to that obtained
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via our bulk optics measurements and the on state was only 2 dB lower. These results
show that using an AFPM and two GRIN rods with off axis fibers is a viable way to
achieve high contrast, low insertion loss, fiber coupled modulation.
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Final package includes: 5 axis mount for the device, high frequency (with DC bias) electrical input, and
fiber input and output.

Figure V.21

When the epoxy was cured, there was an additional 1 dB of loss due to a submicron shift
in the fiber’s position. The previous epoxies used did not cure 100% and as a result, the
fiber alignment was lost aver a period of days. In the future, we will be using an epoxy
with a high viscosity and a 100% cure. Once long term durability is obtained, the
package can be used as a high speed, portable, fiber coupled modulator.
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